Antagonistic Roles of Rac and Rho in Organizing the Germ Cell Microenvironment  by Sarkar, Angshuman et al.
Current Biology 17, 1253–1258, July 17, 2007 ª2007 Elsevier Ltd All rights reserved DOI 10.1016/j.cub.2007.06.048Report
Antagonistic Roles
of Rac and Rho in Organizing
the Germ Cell MicroenvironmentAngshuman Sarkar,1 Nishita Parikh,2
Stephen A. Hearn,2 Margaret T. Fuller,3 Salli I. Tazuke,4
and Cordula Schulz2,5,*
1Department of Molecular Biology and Microbiology
Case Western Reserve
University School of Medicine
10900 Euclid Avenue
Cleveland, Ohio 44106
2Cold Spring Harbor Laboratory
PO Box 100
Cold Spring Harbor, New York 11724
3Department of Developmental Biology
Stanford University School of Medicine
Beckman Center
279 Campus Drive
Stanford, California 94305
4Palo Alto Medical Foundation
3220 Alpine Road
Portola Valley, California 94028
5Department of Cellular Biology
University of Georgia
Athens, Georgia 30602
Summary
The capacity of stem cells to self renew and the ability
of stem cell daughters to differentiate into highly spe-
cialized cells depend on external cues provided by
their cellular microenvironments [1–3]. However, how
microenvironments are shaped is poorly understood.
In testes of Drosophila melanogaster, germ cells are
enclosed by somatic support cells. This physical inter-
relationship depends on signaling from germ cells to
the Epidermal growth factor receptor (Egfr) on somatic
support cells [4]. We show that germ cells signal via
the Egf class ligand Spitz (Spi) and provide evidence
that the Egfr associates with and acts through the
guanine nucleotide exchange factor Vav to regulate
activities of Rac1. Reducing activity of the Egfr, Vav,
or Rac1 from somatic support cells enhanced the
germ cell enclosure defects of a conditional spi allele.
Conversely, reducing activity of Rho1 from somatic
support cells suppressed the germ cell enclosure de-
fects of the conditional spi allele. We propose that a dif-
ferential in Rac and Rho activities across somatic sup-
port cells guides their growth around the germ cells.
Our novel findings reveal how signals from one cell
type regulate cell-shape changes in another to estab-
lish a critical partnership required for proper differen-
tiation of a stem cell lineage.
Results and Discussion
In the male gonad of Drosophila, germ cells are sur-
rounded by somatic cells that define their cellular
*Correspondence: cschulz@cshl.edumicroenvironment (Figure 1A). Germline stem cells
(GSCs) are attached to a cluster of nondividing cells at
the apical tip, called hub cells, and associated with
cyst progenitor cells (CPCs) that act as stem cells for
the somatic support cell lineage. Two CPCs extend their
cytoplasm around one GSC, toward the hub, and toward
each other such that each GSC appears to be com-
pletely enclosed in its cellular microenvironment.
GSCc and CPCs generate differentiating daughters,
called gonialblasts and cyst cells, respectively. The go-
nialblasts undergo transit amplification divisions to pro-
duce 16 spermatogonia, which become spermatocytes,
grow in size, undergo the meiotic divisions, and differen-
tiate into sperm. Two cyst cells grow cytoplasmic exten-
sions around one gonialblast to form the germ cell cellu-
lar microenvironment that controls various aspects of
germ cell differentiation [5–9].
Germ cells associated with somatic cells mutant for
the Map-Kinase Raf failed to differentiate and accumu-
lated as early-stage germ cells instead [10]. A similar
accumulation of early-stage germ cells was observed
in Egfrts mutant testes shifted to nonpermissive temper-
ature [8], and in testes from animals mutant for Stet,
a protease that cleaves Egfr ligands. However, stet
mutant germ cells in addition failed to associate with
somatic support cells, suggesting that the Egfr pathway
is required for setting up the critical cellular microenvi-
ronment [4].
Germ Cells Signal to Recruit Somatic Support
Cells via the Egfr Ligand Spi
Loss of spi resulted in a failure of germ cells to differen-
tiate, similar to the effects of loss of stet or the Egfr. Wild-
type testes are long (w2 mm) tubular structures
(Figure 1B) that contain germ cells in a spatio-temporal
order along the apical-to-basal axis. Early germ cells
(GSCs, gonialblasts, and spermatogonia) are small and
have small, densely packed nuclei in DAPI-stained prep-
arations (Figure 1B, arrowhead). Spermatocytes are lo-
cated basal to the spermatogonia, and differentiating
spermatids fill the distal part of the testis (Figure 1B).
Animals carrying a temperature-sensitive allele of spi,
spi77-20, were lethal when raised at 29C. However,
spi77-20 animals raised at a slightly permissive tempera-
ture (27C) survived and had tiny testes (100–500 mm in
size). Most of these testes (40 of 50) contained only small
cells, as seen at the tip of wild-type testes, and did not
have spermatocytes or differentiating spermatids
(Figure 1C). Staining with molecular markers revealed
that the testes contained increased numbers of GSCs,
gonialblasts, and spermatogonia compared to wild-
type (data not shown). The remaining testes (10 of 50)
had high numbers of early germ cells and a few sper-
matocytes, but no differentiating spermatids.
Testes from spi77-20 animals raised at an intermediate
permissive temperature (25C) were longer than testes
from animals raised at 27C, but significantly shorter
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part of the testes was occupied by tumor-like aggre-
gates of early-stage germ cells (Figure 1D, arrowheads).
However, spermatocytes and differentiating spermatids
were also present.
spi activity was both sufficient and required within the
germ cells. Expression of a cleaved version of Spi (sSpi)
[11] in germ cells but not in somatic support cells of
spi77-20 testes restored the wild-type phenotype
(Figure 1E), and germ cell clones mutant for spi accumu-
lated at early stages based on phase-contrast micros-
copy (Figure S1D in the Supplemental Data available
online) and DAPI-stained preparations (Figures 1F).
spi Is Required for the Enclosure of Germ Cells
by Somatic Support Cells
spi was also required for somatic support cells to asso-
ciate with and enclose the germ cells. Germ cell clones
mutant for the conditional spi77-20 allele from animals
raised at 27C either did not associate with somatic
support cells (Figures 1G and 1H, 16 of 20 clones) or
Figure 1. Spi Acts in Germ Cells
(A) Drawing of the architecture at the testes tip. Germline stem cell
(GSC), cyst progenitor cell (CPC), gonialblast (GB), spermatogonia
(SG), spermatocytes (SC), cyst cell (CC).
(B–E) DAPI-stained preparations of whole testes. Small size early
germ cells (arrowheads), spermatocytes (arrows), sperm bundles
(S).
(B) Wild-type testis.
(C–E) Testes from spi77-20 animals (C) raised at 27C, (D) raised at
25C, or (E) raised at 27C and expressing sSpi specifically in
germ cells.
(F–H) Apical region of a testis containing a germ cell clone (large
white arrowhead) mutant for the spi77-20 allele from an animal raised
at 27C.
(F) DAPI-staining only (green). The spi clone contains small cells as
normally found at the apical tip (small arrowhead).
(G and H) Tj-positive cells (red, arrows) were found at the tip, but not
associated with the spi clone.
(G) Tj-staining only. The position of the spi clone is indicated by the
yellow arrowhead.
(H) Double-labeling for Tj (red) and DAPI (green).
Scale bars represent 50 mm.associated with only one somatic support cell (4 of
20 clones), based on staining with soma-specific anti-
bodies, such as the transcription factor Traffic Jam
(Tj). Tj labels the nuclei of somatic support cells that
are normally associated with early-stage germ cells.
Germ cell enclosure can be investigated by labeling
testes with molecular markers such as antibodies
against the membrane-bound b-catenin Armadillo
(Arm) that labels the cell membranes of somatic support
cells (red in Figure 2A) as they surround the germ cells. In
wild-type testes, each GSC, gonialblast, and cluster of
developing germ cells was associated with and sur-
rounded by two somatic support cells (Figures 2A–2C).
In testes from spi77-20 animals raised at 27C, Tj-positive
cells did not form cytoplasmic extensions around the
germ cells (Figures 2D and 2E). Similar results were ob-
tained with other markers, including a cytoplasmic UAS-
Green Fluorescent Protein (UAS-GFP) expressed in so-
matic support cells under control of a soma-specific
Gal4-driver. In control testes, GFP was detected in the
cell bodies of the somatic cells surrounding the germ
cells (Figure 2F, arrowheads). In contrast, in spi77-20
testes from animals grown at 27C, GFP was detected
in balls, most likely small round cell bodies of somatic
support cells (Figure 2G, arrows). Occasionally, cyto-
plasmic extensions emerged from somatic support
cells, but they remained short and did not enclose the
germ cells (Figure 2H, arrowheads).
The lack of cytoplasmic extensions from Tj-positive
cells in spi77-20 mutant testes was similar to the pheno-
type observed in stet mutants. This suggests that the
Egf class ligand Spi, expressed in germ cells and pro-
cessed by Stet, stimulates the Egfr on somatic support
cells, inducing them to send out cytoplasmic extensions
to enclose the neighboring germ cells.
The Nature and Extent of Testes Defects Varied
Dependent on the Level of Spi
Association of germ cells with somatic support cells
was sensitive to the level of Spi. Germ cell clones from
spi77-20 animals raised at 25C and germ cell clones
from animals mutant for the spi2 allele often associated
with more than two somatic support cells (Figure 2I, 6 of
20 clones).
The growth of cytoplasmic extensions around the
germ cells was also sensitive to the level of Spi. When
spi77-20 animals were raised at 25C, many Tj-positive
cells formed cytoplasmic extensions directed toward
and/or around the germ cells (Figure 2J, arrowheads).
However, not every germ cell cluster appeared to be as-
sociated with and/or surrounded by somatic support
cells. Furthermore, many of the Tj-positive cells formed
cytoplasmic extensions toward each other, suggesting
that multiple somatic support cells (Figure 2K, arrows)
may surround one tumor-like aggregate of germ cells.
Similar abnormal associations of somatic support cells
with germ cells were also seen in Egfrts mutants shifted
to nonpermissive temperature [8]. One possible expla-
nation for the different phenotypes of loss compared
to reduction of Egfr signaling is that different levels of
Egfr stimulation may affect different cellular properties
of somatic support cells, such as cell adhesiveness
and/or growth.
Rac and Rho Organize Germ Cell Enclosure
1255Figure 2. Germ Cell Enclosure Depends on
the Egfr Pathway
(A) Apical tip of a wild-type testis labeled with
antibodies against Gro (green, germ cells), Tj
(blue), and Arm (red). Note that Arm also la-
bels the hubs (asterisks). Early-stage germ
cells (small arrows), spermatocytes (large ar-
row).
(B) Same testis tip as in (A) showing Tj and
Arm staining only, and in higher magnification
(see scale bars). Two Tj-positive cells (ar-
rows) are associated with and form cytoplas-
mic extensions (arrowheads) around one
cluster of developing germ cells (unlabeled).
(C) Same testis tip as in (B) showing Arm
staining only in black and white. Somatic
support cells form cytoplasmic extensions
(arrowheads) around germ cells that appear
in a net-like pattern.
(D and E) Testis from a spi77-20 animal raised
at 27C and labeled with antibodies against
Gro (green), Tj (blue), and Arm (red). Tj-posi-
tive nuclei (arrows).
(D) Whole testes.
(E) Higher magnification of the tip.
(F–H) Testes showing expression of a UAS-
GFP in somatic support cells driven by the
heatshock-Gal4 driver.
(F) A wild-type testis tip.
(G and H) Testes from spi77-20 animals raised
at 27C. GFP-positive cytoplasmic exten-
sions (arrowheads), GFP-positive ball-like
cells (arrows).
(I) A germ cell clone mutant for the spi2 allele
(arrowhead, DAPI-labeled germ cells in
green) associated with multiple Tj-positive
nuclei (arrows, Tj in red).
(J and K) Apical tip of a testis from a spi77-20
animal raised at 25C.
(J) Gro-positive germ cells (green) are sur-
rounded by Arm-positive cytoplasmic exten-
sions (red, arrowheads) from Tj-positive nu-
clei (blue).
(K) Same testis tip showing only Tj and Arm.
Note the clustering of somatic support cells
(arrows).
Scale bars represent 50 mm.The Small Monomeric GTPase Rac1 and the Adaptor
Vav May Act Downstream of the Egfr to Mediate
Germ Cell Enclosure
To identify novel players in germ cell enclosure, we used
the sensitized background of the spi77-20 allele to search
for genetic modifiers. We found that impaired activity of
the small monomeric GTPase (small GTPase) Rac1 en-
hanced the spi77-20 testes phenotype. Activity of Rac1
was impaired by two strategies—either by removing
one copy of the rac1 gene or by expressing a domi-
nant-negative version of Rac1 (dnRac1) [12] in somatic
support cells of testes from spi77-20 animals raised at
25C. In either case, the enhanced testes were shorter
(100–500 mm, n > 20) than testes from spi77-20 animals
raised at 25C. In 12 of 20 enhanced testes, Tj-positive
cells did not enclose the germ cells, and early-stage
germ cells accumulated (Figure 3A).
Reducing activity of Vav, a guanine nucleotide ex-
change factor for Rac-type small GTPases [13, 14],
from somatic support cells by antisense expression
also enhanced the spi77-20 testes phenotype fromanimals raised at 25C. 11 of 20 enhanced testes were
tiny and contained mostly early-stage germ cells that
were not surrounded by somatic support cells
(Figure 3B). The enhanced phenotypes caused by im-
pairing Rac or Vav raised the possibility that Rac1 and
Vav act downstream of the Egfr in somatic support
cells and that Vav plays a role in regulating somatic
support cell-shape changes associated with germ cell
enclosure.
Vav Is in a Complex with the Egfr in Testes
In mammalian cells, autophosphorylation of specific
Vav-binding motifs within the cytoplamic tail of the
Egfr allows for binding and phosphorylation of mamma-
lian Vav2 [15]. Phosphorylation of Drosophila Vav has
been shown to depend on Egfr stimulation in both mam-
malian and Drosophila cultured cells, and Drosophila
Vav bound to mammalian Egfr [13, 16].
Consistent with a role for Drosophila Vav in Egfr sig-
naling in testes, Vav protein immunoprecipitated from
testis extracts with an antibody against the Egfr
Current Biology
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(A and B) Triple labeling with antibodies against Gro (green), Tj
(blue), and Arm (red) to testes from spi77-20 animals raised at 25C
and expressing dnRac1 in somatic support cells (A) or the vav-
antisense construct in somatic support cells (B). Arrows point to
somatic support cell nuclei.
(C and D) Western blots.(Figure 3C, wild-type lane). Vav did not immunoprecipi-
tate from testis extracts that had been pretreated with
phosphatase (Figure 3C, Cip lane), suggesting that the
interaction between Vav and the Egfr is phosphorylation
dependent. The immunoprecipitated Vav band comi-
grated with a band detected by antibodies against phos-
pho-tyrosine (Figure 3D), suggesting that Vav is phos-
phorylated when in a complex with the Egfr.
In the classical view of the Drosophila Egfr pathway,
only one docking protein—Downstream receptor kinase
(Drk)—binds to the stimulated Egfr and activates a MAP-
Kinase cascade for transcription of target genes [17].
However, our genetic and biochemical data suggest
that the Egfr pathway is branched at the level of docking
proteins (Figure 3E) and that the adaptor protein Vav
binds to the Egfr to activate the small GTPase Rac1.
Our data suggest that Rac regulates cell-shape changes
associated with germ cell enclosure, and studies on Raf
suggested that it regulates the transcription of target
genes [10]. However, we cannot exclude the possibility
of crosstalk between the two branches: Vav may con-
tribute to transcriptional regulation and Map-Kinases
may contribute to germ cell enclosure. A possible cross-
talk is consistent with findings that in cultured Drosoph-
ila cells, Vav can contribute to Erk phosphorylation [14].
Rho Counteracts Rac for Germ Cell Enclosure
Surprisingly, impairing activity of the Rho-type small
GTPase Rho1 had the opposite effect to impairing
Rac1. Testes from spi77-20 animals raised at 27C that
expressed dominant-negative Rho1 (dnRho1) [18] in so-
matic support cells were long (500–1500 mm, Figure 2F,
20 of 20 testes) and appeared almost wild-type. In con-
trast to somatic support cells in spi77-20 testes from
animals raised at 27C without dnRho1 expression
(Figure 2D), the somatic support cells expressing
dnRho1 enclosed the germ cells (Figure 3F). We ob-
served the same dominant suppression in spi77-20,
rho1/+ testes, indicating that expression of dnRho1 re-
flects loss of Rho1 activity (data not shown).
Our data raise the possibility that Rac and Rho have
antagonistic effects on germ cell enclosure. Rac ap-
pears to be required for somatic support cells to grow
cytoplasmic extensions around the germ cells, and
Rho appears to suppress this growth. Antagonistic roles
for Rac and Rho have also been reported in cultured
mammalian cells, where Rac and Rho regulate cell-
shape changes and growth via different effects on the
actin cytoskeleton [19–22]. Prominent readouts for small
(C) Vav was pulled down with the Egfr (wt lane) but could not be
pulled down after phosphatase treatment of the testes extract (Cip
lane). Anti-b-tubulin served as a loading control. Note that tubulin
appears as one band, suggesting that the Cip treatment did not
degrade the proteins.
(D) The immunoprecipitated Vav comigrates with a band recognized
by anti-phospho-tyrosine.
(E) Model demonstrating branching of the Egfr at the level of docking
proteins. Small gray arrows indicate a possible crosstalk between
the branches.
(F) A testis from a spi77-20 animal raised at 27C, and expressing
dnRho1 in somatic support cells, triple-labeled for Gro (green), Tj
(blue), and Arm (red). Cytoplasmic extensions (arrowheads).
Asterisks indicate hubs; scale bars represent 50 mm.
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appearances of ruffles and lamellipodia in the cell
membranes [23].
To address a potential role of Rac and Rho in shape
changes of somatic support cells, we expressed domi-
nant-negative Rac or Rho in somatic support cells of
otherwise wild-type testes, and we used transmission
electron microscopy (TEM) to investigate changes in
the membranes of somatic support cells surrounding
single germ cells and spermatogonia at the apical tip
of the testes. Germ cells and somatic support cells
can be identified based on their different shapes and
density of staining in TEM (Figure 4A). In wild-type, the
somatic support cells surrounding single germ cells
and spermatogonia exhibited wavy plasma membranes
(Figure 4B, arrows), possibly analogous to membrane
ruffles accompanying cellular growth and rearrange-
ments of the actin cytoskeleton in cultured cells.
Somatic support cells expressing dnRac1 had much
smoother plasma membranes (Figure 4C) than did
wild-type somatic support cells. Conversely, somatic
support cells expressing dnRho1 had lamellipodia-like
extensions (Figure 4D) in their membranes. We did not
detect lamellipodia-like extensions in somatic support
cell membranes in serial sections of wild-type testes
(n = 3) or in testes expressing dnRac1. In mammalian
cells, formation of lamellipodia depends on Rac-type
small GTPases [24]. The presence of lamellipodia-like
extensions in somatic support cells expressing dnRho1
suggests that Rac may become hyperactive in the ab-
sence of Rho. Based on these TEM data, we hypothe-
size that, just as their mammalian counterparts do in cul-
tured cells, Drosophila small GTPases may act on the
cytoskeleton of somatic support cells to mediate cell-
shape changes and growth of cellular extensions and
that the effects of Rac and Rho are antagonistic.
A Model for Germ Cell Enclosure
We propose that somatic support cells extend pro-
cesses and enclose germ cells in Drosophila testes by
differential activation of the small GTPase Rac1 via po-
larized reception of an Egf class signal from the neigh-
boring germ cells. In this model (Figure 4E), Egfr stimu-
lation on the side of the somatic support cells facing
the germ cells promotes local activity of Rac1. This
causes a differential of Rac1 activity across the somatic
support cells, with highest activity on the sides of the so-
matic support cells facing the germ cells. We also pro-
pose that Rac is opposed by Rho, with a strongest effect
on the side of the somatic support cell facing away from
the germ cell. Consistent with this model, impairing Rac
or Rho in somatic support cells had opposite effects on
the phenotype of the conditional spi77-20 allele. Whereas
impairing Rac completely abolished germ cell enclo-
sure, impairing Rho completely restored germ cell en-
closure.
Our model predicts that expression of a constitu-
tively active Egfr ligand in somatic support cells might
compromise the differential in smGTPase activities. In-
deed, forced expression of cleaved ligand in somatic
support cells, but not in germ cells, closely mimicked
the effect of dnRho expression: the somatic support
cells formed lamellipodia-like structures in their mem-
branes (Figure 4F).Our research on the Drosophila gonad provides a
striking example how one cell type in tissue communi-
cates with another cell type to induce and direct the for-
mation of a proper cellular microenvironment: a signal
from one cell induces subcellular changes throughout
the body of another cells. This mechanism underlying
the formation of a cellular microenvironment may be
conserved across species.
Figure 4. Rac and Rho Act Antagonistic
(A–D and F) TEM images. Germ cell (GC), somatic support cell (S).
(A) Section though the apical tip of a wild-type testis. In TEM, germ
cells appear dark gray and are surrounded by somatic support cells
appearing light gray (white arrows). Scale bar represents 20 mm.
(B) Wild-type somatic support cells have wavy membranes (black
arrows). Scale bar represents 1 mm.
(C) Somatic support cells expressing dnRac1 have straight mem-
branes (red arrows). Scale bar represents 1 mm.
(D) Somatic support cells expressing dnRho1 show lamellipodia-like
structures (yellow arrowheads) in their membranes. Scale bar repre-
sents 0.2 mm.
(E) Model how the Egfr regulates germ cell enclosure. A germ cell
(purple) signals via Spi. In the somatic support cell (yellow), the
Egfr is stimulated at the side facing the germ cell. Vav binds to the
stimulated Egfr and activates Rac-type small GTPases. This causes
a higher potential of Rac activity than Rho activity on the side of the
somatic cell facing the germ cells that may drive the growth of cyto-
plasmic extensions around the germ cell (indicated in red). The other
side of the somatic cell may have lower Rac activity than Rho activ-
ity. Rac and Rho counteract each other as indicated by the dotted
line.
(F) Somatic support cells expressing cleaved ligand have lamellipo-
dia-like structures (large yellow arrowhead) in their membranes.
Membrane facing the germ cell is indicated by purple arrowheads;
membrane facing another somatic support cell is indicated by small
yellow arrowheads. Note the large size of the lamellipodia-like ex-
tension compared to the width of the cytoplasmic extension. Scale
bar represents 0.2 mm.
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Acknowledgments
We thank D. Godt for Tj antibody; C. Zucker, B. Wakimoto, and the
Bloomington Drosophila stock center for flies; B. Bolival, M. Fish,
K. Bari, and L. Schmidt for technical assistance; L. van Aelst, S. Mu-
thuswamy, and M. Myers for critical discussions; and W. Lukowitz,
D. Leanne Jones, and A. Mahowald for critical comments on the
manuscript. This work was funded by NIH 1P01 DK53074 given to
M.T.F., NIH U54 HD31398 to S.I.T, and Cold Spring Harbor Labora-
tory start-up funds to C.S.
Received: January 16, 2007
Revised: June 12, 2007
Accepted: June 14, 2007
Published online: July 12, 2007
References
1. Watt, F.M., and Hogan, B.L. (2000). Out of Eden: stem cells and
their niches. Science 287, 1427–1430.
2. Fuchs, E., Tumbar, T., and Guasch, G. (2004). Socializing with
their neighbors: stem cells and their niche. Cell 116, 769–778.
3. Gilboa, L., and Lehmann, R. (2004). How different is Venus from
Mars? The genetics of germ-line stem cells in Drosophila fe-
males and males. Development 131, 4895–4905.
4. Schulz, C., Wood, C.G., Jones, D.L., Tazuke, S.I., and Fuller, M.T.
(2002). Signaling from germ cells mediated by the rhomboid ho-
mologue stet organizes encapsulation by somatic support cells.
Development 129, 4523–4534.
5. Hardy, R.W., Tokuyasu, K.T., Lindsley, D.L., and Garavito, M.
(1979). The germinal proliferation center in the testis ofDrosoph-
ila melanogaster. J. Ultrastruct. Res. 69, 180–190.
6. Fuller, M.T. (1993). Spermatogenesis. In The Development of
Drosophila melanogaster, M. Bate and A. Martinez Arias, eds.
(New York: Cold Spring Harbor Laboratory Press), pp. 71–148.
7. Matunis, E., Tran, J., Go¨nczy, P., and DiNardo, S. (1997). punt
and schnurri regulate a somatically derived signal that restricts
proliferation of committed progenitors in the germline. Develop-
ment 124, 4383–4391.
8. Kiger, A.A., White-Cooper, H., and Fuller, M.T. (2000). Somatic
support cells restrict germline stem cell self-renewal and pro-
mote differentiation. Nature 407, 750–754.
9. Schulz, C., Kiger, A.A., Tazuke, S.I., Yamashita, Y.M., Pantalena-
Filho, L.C., Jones, D.L., Wood, C.G., and Fuller, M.T. (2004). A
mis-expression screen reveals effects of bag-of-marbles and
TGFb class signaling on the Drosophila male germ line stem
cell lineage. Genetics 167, 707–723.
10. Tran, J., Brenner, T.J., and DiNardo, S. (2000). Somatic control
over the germline stem cell lineage during Drosophila spermato-
genesis. Nature 407, 754–757.
11. Schweitzer, R., Shaharabany, M., Seger, R., and Shilo, B.-Z.
(1995). Secreted Spitz triggers the DER signaling pathway and
is a limiting component in embryonic ventral ectoderm determi-
nation. Genes Dev. 9, 1518–1529.
12. Luo, L., Liao, Y.J., Jan, L.Y., and Jan, Y.N. (1994). Distinct mor-
phogenetic functions of similar small GTPases: Drosophila
Drac1 is involved in axonal outgrowth and myoblast fusion.
Genes Dev. 8, 1787–1802.
13. Bishop, A.L., and Hall, A. (2000). Rho GTPases and their effector
proteins. J. Biochem. (Tokyo) 348, 241–255.
14. Hornstein, I., Mortin, M.A., and Katzav, S. (2003). DroVav, the
Drosophila melanogaster homologue of the mammalian Vav
proteins, serves as a signal transducer protein in the Rac and
DER pathways. Oncogene 22, 6774–6784.
15. Tamas, P., Solti, Z., Bauer, P., Illes, A., Sipeki, S., Bauer, A., Far-
ago, A., Downward, J., and Buday, L. (2003). Mechanism of epi-
dermal growth factor regulation of Vav2, a guanine nucleotide
exchange factor for Rac. J. Biol. Chem. 278, 5163–5171.16. Dekel, I., Russek, N., Jones, T., Mortin, M.A., and Katzav, S.
(2000). Identification of the Drosophila melanogaster homo-
logue of the mammalian transducer protein, Vav. FEBS Lett.
472, 99–104.
17. Shilo, B.-Z. (2003). Signaling by the Drosophila epidermal
growth factor receptor pathway during development. Exp. Cell
Res. 284, 140–149.
18. Strutt, D.I., Weber, U., and Mlodzik, M. (1997). The role of (RhoA)
in tissue polarity and Frizzled signalling. Nature 387, 292–295.
19. Sander, E.E., ten Kloster, J.P., van Delft, S., van der Kammen,
R.A., and Collard, J.G. (1999). Rac downregulates Rho activ-
ity: reciprocal balance between both GTPases determines cel-
lular morphology and migratory behavior. J. Cell Biol. 147,
1009–1021.
20. Jaffe, A.B., and Hall, A. (2004). Smurfing at the leading edge.
Science 302, 1690–1691.
21. Kurokawa, K., Itoh, R.E., Yoshizaki, H., Ohba, Y., Nakamura, T.,
and Matsuda, M. (2004). Coactivation of rac1 and cdc42 at la-
mellipodia and membrane ruffles induced by epidermal growth
factor. Mol. Biol. Cell 15, 1003–1010.
22. Hall, A. (2005). Rho GTPases and the control of cell behavior.
Biochem. Soc. Trans. 33, 891–895.
23. Van Aelst, L., and D’Souza-Schorey, C. (1997). Rho GTPases and
signaling networks. Genes Dev. 11, 2295–2322.
24. Hall, A. (1998). Rho GTPases and the actin cytoskeleton. Science
279, 509–514.
